The fluorinated 4-quinolones are a "new" group of antibiotics with a broad antibacterial spectrum. They are already widely used in clinical practice. Previous studies have shown that these drugs increase the uptake of [3H]-thymidine into DNA of mitogen-stimulated lymphocytes but inhibit cell growth and immunoglobulin secretion. This study shows that the 4-quinolones strongly (up to 100 times) increase the recovery of interleukin 2 (IL-2) in culture supernatants of phytohemagglutinin (PHA)-stimulated normal human lymphocytes and also prolong the kinetics of IL-2 production. The effect was significant at clinically achievable concentrations (5 jmg/ml). In addition to hyperproduction of IL-2, the level of RNA hybridizing with a human IL-2 cDNA probe was also intensely elevated (16-32 times) in PHA-stimulated lymphocytes cultured with ciprofloxacin (80 jag/ml). The mechanism responsible for 4-quinolone-mediated effects on T cells is at present unclear, but evidence is presented that suggests the effect is not exerted at the level of protein kinase C activation.
receptors measured by immunofluorescence with CD 25 antibodies and a radiolabeled IL-2 binding assay. At the same concentration of ciprofloxacin, there was a very low expression of the transferrin receptor and the cell size increased very little in human lymphocytes after PHA stimulation. The enhanced 1L-2 production by 4-quinolones may contribute to side effects reported when these drugs are used for treatment of patients.
The "new" 4-quinolones are strongly bactericidal and have a very broad antibacterial spectrum. They are fluorinated predecessors to nalidixic acid and the antibacterial activity is due to inhibition of DNA synthesis resulting from inhibition of DNA gyrase activity (1) . Ciprofloxacin, enoxacin, norfloxacin, ofloxacin, and pefloxacin have been most extensively studied but many other 4-quinolones have been synthesized and are under development. Because the 4-quinolones have proven to be highly effective in most clinical trials, they are already widely used in clinical practice. In general, the drugs appear to be safe and well tolerated (2) .
In previous studies, we have shown that the new 4- quinolones significantly increase the uptake of [3H]thymidine into DNA of mitogen-stimulated lymphocytes. In addition, ciprofloxacin, one of the most powerful 4-quinolones, which was investigated in more detail, inhibited cell growth, cellcycle progression, and immunoglobulin secretion (3, 4) .
T lymphocytes can be activated by a variety of stimuli, including specific monoclonal antibodies and mitogenic lectins. The appropriate stimulation of T lymphocytes has been shown to induce the production of the growth factor interleukin 2 (IL-2), as well as specific receptors for IL-2 (5, 6) , and it is the subsequent interaction between IL-2 and its receptor that leads to initiation of DNA synthesis and proliferation (7) (8) (9) (10) . The functional receptor for IL-2 is composed of two noncovalently linked 55-kDa (Tac antigen; CD 25) and 75-kDa polypeptide chains (11) (12) (13) . IL-2 is a lymphokine that has attracted much attention during recent years and, considering our previous studies on the effects of new 4-quinolones on T lymphocytes (3, 4) , it was of interest to evaluate the effects of these antibiotics on the IL-2 and IL-2 receptor system. Quite unexpectedly, 4-quinolones have a dramatic synergistic effect on phytohemagglutinin (PHA)-induced IL-2 production resulting in hyperproduction of IL-2, which was demonstrated both at the level of IL-2 activity in culture supernatants as well as induction and accumulation of specific mRNA for IL-2. In contrast, however, the effect of 4-quinolones on the IL-2 receptor expression was less pronounced.
MATERIALS AND METHODS
Antimicrobial Agents. Fresh solutions of the following preservative-free drugs were used: amifloxacin and ciprofloxacin (Bayer, Wuppertal, F.R.G.), enoxacin (WarnerLambert, Ann Arbor, MI), norfloxacin (Astra, Sodertalje, Sweden), ofloxacin (Hoechst, Frankfurt), pefloxacin (Rhone Poulenc, Antom, France), nalidixic acid (Sterling, New York), bensylpenicillin (Astra), and gentamicin (Schering, Kenilworth, NJ).
Lymphocytes and Culture Conditions. Human peripheral lymphocytes (PBLs) were obtained from heparinized blood from healthy donors by centrifugation on a step gradient of mixed Isopaque (1 part) and Macrodex (2 parts), followed by separation on Ficoll-Isopaque (Lymphoprep; Pharmacia). Lymphocytes were cultured at a density of 1 x 106 cells per ml in RPMI 1640 medium supplemented with 10% fetal calf serum and 12 ,ug of gentamicin per ml in a humidified atmosphere of 5% C02/95% air. PHA (Wellcome) was used at a final concentration of 1 ,ug/ml. IL-2 Biological Activity. IL-2 activity in lymphocyte culture supernatants was determined by the IL-2 concentrationdependent stimulation of proliferation of a cloned cytolytic T-lymphocyte line CTLL-2 (14 Radiolabeled IL-2 Binding Assay. Preparation of biosynthetically radiolabeled [3H]IL-2 and radiolabeled IL-2 binding to intact cells was performed as described (18) . All cells were prepared for the assay by centrifugation, followed by incubation at 37°C in IL-2-free RPMI 1640 medium for 4 (20) . The resulting phosphoproteins were analyzed by SDS/PAGE on an 11% gel under reducing conditions (2) .
To improve the resolution of the 80-kDa protein, gels were subjected to alkali treatment (20, 21 However, ciprofloxacin, one of the new fluorinated 4-quinolones, caused a dose-dependent increase in the recovery of IL-2 in the culture supernatants. The levels were strongly increased after only 24 hr, and accumulated IL-2 activity continued to increase until 72 hr of culture at the highest antibiotic concentration (80 ,ug/ml). The peak levels of IL-2 in the presence of 80 ,ug of ciprofloxacin per ml were up to 100 times higher than the IL-2 levels in the antibioticfree controls. The effect of lower concentrations (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ,ug/ml) of ciprofloxacin was more modest with declining IL-2 levels after 48 hr.
Similar kinetics of increased IL-2 concentration in culture supernatants was also demonstrated when PHA-stimulated lymphocytes were incubated with new 4-quinolones other than ciprofloxacin. The highest levels were obtained with enoxacin and pefloxacin. Table 1 summarizes the peak concentrations of IL-2 activity obtained during 72 hr of incubation with 5, 20, and 80 ,g of the different 4-quinolones per ml. As shown, there were also increased IL-2 levels with all new 4-quinolones at 5 ,ug/ml, a concentration that is achievable in serum in patients after oral administration of the new 4-quinolones. In cultures containing the new 4-quinolones in the absence of PHA, IL-2 could not be recovered in the supernatants (data not shown). Control experiments showed that the 4-quinolones did not by themselves influence the CTLL assay of concentrations used for IL-2 determinations.
To study IL-2 production in a clonal T-cell line in the absence of monocytes, the T-cell leukemia cell line Jurkat was used. This cell line produces IL-2 when stimulated with monoclonal antibodies to the T3 antigen (anti-CD3) in the presence of a phorbol ester-i.e., PDB or phorbol 12-myristate 13-acetate (PMA) (22) . When Jurkat cells were exposed to suboptimal concentrations of these stimuli, an increased (0.5 unit/ml) IL-2 production occurred, but addition of ciprofloxacin caused a strong enhancement of IL-2 production (5-17 units/ml) ( Table 2 ). However, ciprofloxacin could not in the absence of the other stimuli cause IL-2 production in Jurkat cells (data not shown). Ciprofloxacin thus seems to have a direct effect on the responding T-cell population and cannot replace the action of phorbol esters.
Ciprofloxacin Increases Specifically the Level of IL-2 mRNA in PHA-Stimulated Lymphocytes. The data presented above show increased levels of IL-2 in supernatants of activated lymphocytes incubated with the new 4-quinolones. To provide further evidence of an increased IL-2 production, the level of IL-2 mRNA was measured. In human lymphocytes, the concentration of RNA hybridizing to a human IL-2 cDNA was intensely elevated (16-32 times) in cells stimulated with PHA and cultured with ciprofloxacin (80 ,ug/ml) as revealed by dot blot hybridization (Fig. 2) . As also shown, the level of actin mRNA was not affected by ciprofloxacin. Electrophoretic blot hybridization analysis revealed that the increase in hybridization to the IL-2 probe was due to the selective increase in one band corresponding to the native 1.2-kilobase IL-2 mRNA (data not shown).
Ciprofloxacin Does Not Activate Protein Kinase C. The results outlined above suggest that ciprofloxacin has a similar synergistic augmenting effect as phorbol esters on IL-2 production (23, 24) . It has been shown that the main effect of phorbol esters is due to binding to and activation of protein kinase C (25, 26 (20, 21, (27) (28) (29) . Accordingly, 32P-labeled intact T lymphocytes were treated with various concentrations of ciprofloxacin and thereafter stimulated with either an anti-CD3 antibody or a phorbol ester. As shown in Fig. 3 , both anti-CD3 and phorbol ester induced a marked phosphorylation of an 80-kDa cellular protein, while ciprofloxacin was ineffective at all concentrations tested. Moreover, it is also evident from the same figure that this drug does not synergize or antagonize with anti-CD3 or phorbol ester on the level of phosphorylation of the 80-kDa protein. These results suggest that the observed synergistic effect of ciprofloxacin on the level of IL-2 production is not due to protein kinase C activation.
Ciprofloxacin Influences Cell Size, IL-2 Receptors, and Transferrin Receptors. Ciprofloxacin has been shown to inhibit cell-cycle progression and function of human lymphocytes (3, 4) . As the present report demonstrates a hyperinduction of IL-2, it was of interest also to investigate cell size, IL-2 receptors, and transferrin receptors of human lymphocytes stimulated with PHA and cultured with ciprofloxacin. Fig. 4A shows the cell size of PHA-stimulated lymphocytes. There is a considerable increase in cell size at 72 hr for cells not exposed to ciprofloxacin and those exposed to 20 ,ug of ciprofloxacin per ml. In contrast, the size of PHA-stimulated lymphocytes exposed to 80 ,ug of ciprofloxacin per ml does not increase during 72 hr of incubation. Fig. 4 B and C demonstrates the expression of the transferrin receptor (Fig.  4B ) and the Tac antigen (Fig. 4C) in PHA-stimulated lymphocytes after 72 hr of culture with or without ciprofloxacin. The transferrin receptor showed the same intensity ofexpression on lymphocytes exposed to 20 ug of ciprofloxacin per ml as on those lymphocytes not exposed to antibiotics. However, with ciprofloxacin at 80 ,ug/ml, there was a very low expression of transferrin receptor. A less pronounced decrease in the expression of the 55-kDa chain of the IL-2 receptor (Tac antigen) was also demonstrated by CD 25 antibodies after 72 hr ofincubation ofPHA-stimulated human lymphocytes with ciprofloxacin (80 tug/ml) (Fig. 4C) . On the other hand, with ciprofloxacin at 20 pg/ml, the expression of CD 25 was enhanced as compared to lymphocytes stimulated with PHA but not exposed to ciprofloxacin.
To provide further evidence of an altered expression of the IL-2 receptor by ciprofloxacin, high-affinity receptors for IL-2 were measured by an assay with radiolabeled IL-2. PHA-stimulated lymphocytes incubated for 72 hr with ciprofloxacin at 5 Ag/ml demonstrated 1950 receptor sites per lymphocyte, which was about the same as lymphocytes not exposed to ciprofloxacin (Table 3 ). In contrast, lymphocytes exposed to ciprofloxacin at 20 ,ug/ml showed 5000 sites per ml and those incubated with 80 ,ug/ml showed 1200 sites per cell. Thus, our data demonstrate that ciprofloxacin causes two different effects on the IL-2 receptor system. At high concentrations (80 ,ug/ml), there is a decrease and, at moderate concentrations (20 jig/ml), there is an increase in IL-2 receptors.
DISCUSSION
Our results show that a new group of antibacterial drugs, the 4-quinolones, in concert with a lectin PHA are powerful stimulators of IL-2 production. This was demonstrated both by an increased IL-2 activity in culture supernatants and by increased IL-2 mRNA in PHA-stimulated lymphocytes when exposed to ciprofloxacin, which is one of the most powerful new 4-quinolones. In addition, at moderate concentrations of ciprofloxacin (20 ug/ml), there was an increase in highaffinity receptors for IL-2 as well as the 55-kDa antigen detected by the monoclonal antibody CD 25. However, a Our results on IL-2 were quite unexpected considering the fact that we previously have reported that ciprofloxacin inhibits cell growth by =50% at 20 pg/ml and completely at 80 Ag/ml. In addition, immunoglobulin secretion by human lymphocytes stimulated by pokeweed mitogen or EpsteinBarr virus was inhibited 50% with ciprofloxacin at 5 ,ug/ml and almost completely at 20 ttg/ml. In addition, all new 4-quinolones tested at 1.5-25 ug/ml caused an increased uptake ofradiolabeled thymidine after 3-5 days of incubation with PHA-stimulated human lymphocytes (3, 4) .
The molecular target for 4-quinolones in human lymphocytes causing increased IL-2 production was not revealed by our studies. A selective IL-2 gene expression resulting from a toxic effect by the 4-quinolones seems to be an unlikely explanation for the apparent discrepancy between the increased IL-2 production and the inhibited lymphocyte cell functions. The similarities with the action of the tumorpromoting phorbol ester, PMA or PDB, which stimulates protein kinase C, has to be pointed out. Optimal IL-2 mRNA induction requires the concerted action of PMA or PDB and a lectin like PHA or monoclonal antibodies directed against the T3 antigen complex (20, 21, (27) (28) (29) (30) . In the present study, ciprofloxacin induced increased IL-2 production in the Jurkat cell line when substimulatory concentrations of PMA and antibodies directed toward the T3 antigen complex were used. However, by analysis of phosphorylation of endogenous protein kinase C substrates, we were unable to detect any stimulatory effect by ciprofloxacin on this kinase.
The lymphokine IL-2 has a short half-life (ti/2, 3-5 min) in humans, which is consistent with its role as a transient signal within the immune system, a signal that must be cleared to avoid chronic and possible deleterious stimulation (31) . In unstimulated normal human blood lymphocytes, IL-2 mRNA is undetectable but stimulation with mitogens causes its rapid accumulation (32) . In activated human PBL, IL-2 mRNA levels decline rapidly on removal of the inducing agents, indicating that transcription continues only as long as the activating signal is present. In addition, it has been suggested that an A+U-rich untranslated region in IL-2 mRNA and in the mRNA of other mediators of inflammation, and in a few other mRNAs, is responsible for an instability (33, 34 (35, 36) . It is possible that IL-2-regulating mechanisms are particularly sensitive to ciprofloxacin in eukaryotic cells.
In general, clinical side effects of the new 4-quinolones are mild to moderately severe and discontinuation of therapy because of drug toxicity is necessitated in only 1-3% of patients (2) . Central nervous system side effects are reported by 1-5% of patients. Stimulatory effects may occur because quinolones inhibit receptor binding of y-aminobutyric acid, an inhibitory transmitter (37) . However, this effect was mainly apparent at high concentrations of 4-quinolones. Side effects of high dose IL-2 administration also involve the central nervous system in a rather high number of patients (38, 39) . Considering the findings in this report that 4-quinolones, even at the clinically achievable concentration of 5 Ag/ml, increase the IL-2 level and at high concentrations dramatically influence IL-2 production in PHA-stimulated human lymphocytes in vitro, it is possible that effects of new 4-quinolones on the central nervous system are secondary to their ability to mediate increased IL-2 production in stimulated T cells.
